Leukodystrophies (LD) and genetic leukoencephalopathies (gLE) are disorders that result in white matter abnormalities in the central nervous system (CNS). Magnetic resonance (MR) imaging (MRI) has dramatically improved and systematized the diagnosis of LDs and gLEs, and in combination with specific clinical features, such as Addison's disease in Adrenoleukodystrophy or hypodontia in Pol-III related or 4H leukodystrophy, can often resolve a case with a minimum of testing. The diagnostic odyssey for the majority LD and gLE patients, however, remains extensive -many patients will wait nearly a decade for a definitive diagnosis and at least half will remain unresolved. The combination of MRI, careful clinical evaluation and next generation genetic sequencing holds promise for both expediting the diagnostic process and dramatically reducing the number of unresolved cases. Here we present a workflow detailing the Global Leukodystrophy Initiative (GLIA) consensus recommendations for an approach to clinical diagnosis, including salient clinical features suggesting a specific diagnosis, neuroimaging features and molecular genetic testing. We also discuss recommendations on the use of broad-spectrum next-generation sequencing in instances of ambiguous MRI or clinical findings. We conclude with a proposal for systematic trials of genome-wide agnostic testing as a first line diagnostic in LDs and gLEs given the increasing number of genes associated with these disorders.
Introduction and needs assessment
Leukodystrophies (LD) are genetic disorders affecting the white matter of the central nervous system (CNS) with or without peripheral nervous system involvement [1, 2] . There are over thirty conditions typically categorized as primary LD and a number of other heritable conditions (genetic leukoencephalopathies-abbreviated here as gLE) that affect the white matter of the brain [2] . Primary LDs are those heritable conditions of the white matter that primarily effect glial cells, while gLE are disorders with either primary neuronal, vascular or systemic involvement, in which the white matter changes are felt to be secondary [2] . Depending on the etiology of the LD or gLE, inheritance can be by any known mechanism: autosomal recessive, (de novo) dominant, X-linked, mitochondrially-encoded, etc. These disorders include neonatal and adult presentations as well as the full spectrum through childhood and adolescence. Although individual features may vary, LDs and gLEs all share white matter abnormalities on imaging or pathology of the CNS, and most have motor deficits that often dominate the clinical picture, especially in younger individuals.
Due to challenges in diagnosis, the true prevalence and incidence of all LDs is not yet established. Estimates of their combined incidence range widely, from 1 in 50,000 to 1 in 7663 [3, 4] . The early recognition of LDs can be challenging as they present insidiously, heterogeneously and are often not considered until neuroimaging shows abnormalities. Even then, they often remain undiagnosed or misdiagnosed, in part due to limited knowledge about their etiology. While advances in neuroimaging pattern recognition have improved diagnostic yield, curative treatments are currently limited and a definitive diagnosis is crucial for appropriate symptom management, prognostic and genetic counseling.
With the increasing number of LDs and gLEs a clinician must recognize, a simplified and standardized approach to facilitate identification of these diseases by child neurologists and geneticists is needed. The Global Leukodystrophy Initiative (GLIA) assessed clinicians' comfort in diagnosing LDs and gLEs and found that, despite the fact that these clinicians are members of the Society for Inherited Metabolic Disorders (SIMD) or Child Neurology Society, only a minority felt comfortable with the neuroimaging patterns and diagnostic approaches for LD and gLE patients (Table 1) .
With the aim of providing clinicians with a simplified approach for diagnosing LDs and gLEs, here we (i) review the clinical presentations of various LDs and gLEs and highlight "red-flag" sine qua non neurologic symptoms along with extra-neurologic features, (ii) review established diagnostic algorithms for MRI pattern recognition, and (iii) present a decision tree workflow for molecular testing with specific attention to rapid diagnosis of treatable disorders and implementation of diagnostic genetic testing. Comfort levels
Very confident of providing a diagnosis [5 on a scale of 0-5] 16% Moderately confident of providing a diagnosis [3 or 4 on a scale of 0-5] 36% Very confident in providing a differential diagnosis of a leukodystrophies 15% Moderately confident in providing a differential diagnosis of a leukodystrophies
36%
Access to resources Access to a regional leukodystrophy expert 76% Cited a need for phone-based expert consult service 69% Reported inadequate training in leukodystrophies 57%
When to suspect a leukodystrophy or genetic leukoencephalopathy
The LDs and gLEs are a large group of relatively heterogeneous disorders [2] . Patients typically present with the onset of neurologic symptoms, though some may show worsening of long-standing, and typically milder, symptoms. It should be noted that some LDs and gLEs have a slow and progressive course, and can be mistaken for static encephalopathies unless a longitudinal view of the disease is taken (e.g. some hypomyelinating conditions), and a minority show slow improvement over time (e.g. LD caused by HEPACAM and EARS2 mutations). The vast majority, however, present with gradual or abrupt deterioration of CNS function.
Most LDs and gLEs present with motor symptoms. This is in contrast with primary neuronal disorders, which usually present with cognitive decline and seizures -although there is often overlap between these symptom groups. Specific LDs and gLEs may have a typical age of onset which generally described as infantile (first year), late infantile (1-5 years), juvenile (5-12 years) or adolescence and adulthood. More typically, however, there is a spectrum of disease presentation across all age groups, whose presenting symptoms and specific signs change accordingly. Thus, the clinical features described below are broadly representative of the most typical presentations of the described disorders.
Often patients present to the neurologist with concern for a LD or gLE based on abnormal neuroimaging. However, if this is not the case, there are several clinical features or "red flags" that should alert the clinician to the possibility of a LD or gLE. These are highlighted below in italics. Establishing a differential diagnosis in patients with a suspected LD or gLE will begin by identifying these clinical features, assessing neurologic and systemic symptoms, and then performing appropriate diagnostic investigations (i.e. genetic testing). Because patients with gLEs are not considered classic LDs but are often evaluated in clinics for patients with presumed inherited white matter conditions, these disorders are also detailed below [2] .
Neurologic features
LDs and gLEs have significant heterogeneity in disease course and in extraneurologic manifestations, as well as MRI patterns. Neurologic features may be more homogenous, though the degree to which certain features are present may vary with the age of presentation and the specific LD or gLE (Table 2) .
LDs and gLEs will almost always affect the motor system. Patients may present to the clinician with concerns of delayed acquisition of motor milestones, stagnation of motor development or frank regression in motor skills. In an infant or young child, delayed motor development is more common in the hypomyelinating disorders, whilst motor regression is more common in the LDs with myelin destruction. In an older child the first symptom may be frequent falls or a clumsy gait, and in an adolescent or young adult, deterioration in functional skills such as sporting activities. Occasionally there is acute deterioration in motor skills in the context of an intercurrent illness or minor head injury; the latter can be seen in Vanishing White Matter disease (VWM), but can also be seen in a number of other LDs or inborn errors of metabolism.
The type of motor abnormality is often informative (Table 2) . Patients may have early involvement of the corticospinal tracts resulting in a central pattern of weakness, upper motor neuron signs such as spastic quadraparesis or spastic paraparesis. In some cases, deep gray nuclei involvement occurs and patients may present with dystonia, chorea or a mixed movement disorder. Tremor may be present but is often non-specific and may be multifactorial in etiology.
Selected LDs and gLEs lead to prominent loss of cerebellar volume and may present with slowly progressive ataxia, in some cases as an isolated clinical finding. In many LDs and gLEs however, ataxia is part of a broader constellation of neurologic findings, which include prominent spasticity. For other LDs and gLEs, a peripheral sensory neuropathy leading to altered proprioception and imbalance may contribute to alterations in gait, leading to a mixed cerebellar and sensory ataxia.
Additional neurologic features, such as autonomic dysfunction, alterations in head circumference, seizures or neurobehavioral abnormalities including extreme early infantile irritability, deterioration in school performance, new-onset hyperactivity or a change in personality can further help refine diagnostic considerations (Table 2 ).
Extra-neurologic findings
In addition to the neurologic findings associated with LDs and gLEs, a variety of extra-neural features can be helpful in suspecting a specific diagnosis (Table 3 ).
Adrenal insufficiency
Adrenal insufficiency (Addison disease) is characteristic of only two LDs: X-linked adrenoleukodystrophy (X-ALD) / adrenomyeloneuropathy (AMN) and peroxisome biogenesis disorders. It usually presents with cutaneous hyperpigmentation, hyponatremia and more rarely hypoglycemia. Patients may show a prolonged recovery from general anesthesia as the first indication of adrenal insufficiency.
Other endocrine disturbances
Other endocrine disturbances may be detected in patients with 4H leukodystrophy (Hypomyelination, hypodontia and hypogonadotropic hypogonadism syndrome), including hypogonadotropic hypogonadism (if the patient is of age to be pubertal) as well as less frequently growth factor deficiency and hypothyroidism. Hypothyroidism can also be seen in Aicardi-Goutières Syndrome (AGS). Post-natal growth failure may be seen in Cockayne syndrome but treatment with growth hormone is relatively contraindicated in this disorder. A significant proportion of patients with 4H leukodystrophy present with short stature and there have been a few reports of growth hormone deficiency.
Ophthalmologic abnormalities
Ophthalmologic abnormalities are noted in a number of the LDs and gLEs and findings can be quite useful in restricting the differential diagnosis. Congenital cataracts are typical in hypomyelination with congenital cataracts (HCC), neonatal onset VWM, and some patients with peroxisome biogenesis disorders, whereas onset of cataracts later in childhood suggests cerebrotendinous xanthomatosis (CTX). Cataracts can be seen rarely in 4H leukodystrophy. Retinitis pigmentosa (and associated night blindness) develops in adolescent and adult patients with Refsum disease and is seen in some infants with peroxisome biogenesis disorders. Retinal cherry red spots are frequently seen in GM1-and GM2-gangliosidosis and sialidosis. Optic atrophy is a common feature of LDs and gLEs, most notable in Canavan disease, VWM, most hypomyelinating conditions and some mitochondrial disorders. Nystagmus is characteristic of Pelizaeus-Merzbacher disease (PMD), Canavan disease and a significant number of hypomyelinating LDs. Indeed, patients with PMD, Pelizaeus-Merzbacher like disease (PMLD) and SOX10-related disorders have early onset or congenital nystagmus whereas patients with 4H leukodystrophy, Oculodentodigital dysplasia, 18q syndrome may have nystagmus at a later age. The presence of retinal glistening white dots with a perifoveal distribution in a patient with ichthyosis is pathognomonic for Sjögren-Larsson syndrome (SLS). Retinal vascular defects are seen in cerebroretinal micorangiopathy with calcification and cysts (CRMCC). 
Cortical visual impairment
Cortical visual impairment can also be a late feature of many LDs and gLEs as the white matter disease progresses to involve the cortical visual tracts.
Hypodontia and oligodontia
Hypodontia and oligodontia, as well as other dental abnormalities such as delayed teeth eruption, are characteristic of Pol III-related or 4H leukodystrophy [5] . Dental abnormalities with enamel dysplasia are a feature of oculodentogidigital dysplasia [6] . In peroxisome biogenesis disorders, teeth abnormalities include enamel defects of the secondary teeth. In Cockayne syndrome, the typical dental abnormality is the propensity for cavities, which is present in the majority of patients.
Enamel hypoplasia, oligodontia, hypodontia and abnormal shape have also been described [7] .
Dysmorphic facial features
Dysmorphic facial features in an infant with hypotonia and/or seizures should suggest a peroxisome biogenesis disorder such as Zellweger syndrome. These infants often have dolichocephaly with wide anterior fontanelle. Other disorders with dysmorphic features associated with white matter abnormalities (often multifocal) include chromosomal abnormalities, Cohen syndrome, Costello syndrome and others. The development of coarsening facial features is typically seen in the lysosomal storage diseases with white matter involvement such as multiple sulfatase deficiency, mucopolysaccharidoses and sialic acid storage disease. 
Tendinous xanthomas
Tendinous xanthomas, particularly prominent in the Achilles tendon, along with white matter disease are specific signs of CTX.
Skeletal radiographic abnormalities
Skeletal radiographic abnormalities are seen in several LDs and gLEs. Chondrodysplasia punctata is an early feature of the peroxisome biogenesis disorders. Development of radiographic features of dysostosis multiplex in a patient with white matter disease suggests multiple sulfatase deficiency or sialidosis.
Hearing impairment
Hearing impairment may be seen as a non-specific association of many LDs and gLEs involving the auditory nerves, but it is rarely the presenting symptom. Sensorineural deafness is typical of peroxisome biogenesis disorders and may also be seen in SOX10 associated LD. It may be detected as early as the newborn period through routine newborn hearing screening programs, or later in infancy and childhood. An important diagnosis to consider in case of sensorineural deafness is congenital cytomegalovirus (CMV) infection, since this condition may also present with significant multifocal white matter abnormalities and myelin deficits. RNASET2 deficiency, is an autosomal recessive disorder that mimic congenital CMV and therefore should also be considered in case of sensorineural hearing deficit. Later onset deafness in adults occurs in Refsum disease. More commonly, the hearing impairment in LDs and gLEs is central in origin.
Hepatosplenomegaly
Hepatosplenomegaly is a feature of certain lysosomal storage diseases with white matter involvement including multiple sulfatase deficiency, galactosialidosis and sialic acid disorders. Isolated hepatomegaly with or without hepatic dysfunction is often present in peroxisome biogenesis disorders. Hepatic dysfunction may also be seen in the congenital period or more rarely in infancy in AGS. gLEs caused by mitochondrial dysfunction may have associated hepatic abnormalities.
Cutaneous
Cutaneous abnormalities are associated with several LDs and gLEs. Angiokeratomas are seen in galactosialidosis. Ichthyosis is a distinctive feature that is present at birth in SLS and later in childhood in multiple sulfatase deficiency or adults with Refsum disease. Ichthyosis with sparse, brittle hair is an unusual clinical finding in trichothiodystrophy (Tay syndrome) and is also associated with cutaneous photosensitivity. Cutaneous photosensitivity is also seen in Cockayne syndrome. Hyperpigmentation is a sign of adrenal insufficiency in children and adults with X-ALD/AMN.
Ovarian dysgenesis
Ovarian dysgenesis and dysfunction characterizes a distinctive variant of VWM (ovarioleukodystrophy). Ovarian dysfunction has also been recently recognized in leukoencephalopathy associated with the t-RNA synthetase deficiency caused by AARS2 mutations. The primary ovarian failure seen in these disorders should not be confused with the hypogonadotropic hypogonadism seen in 4H leukodystrophy.
Gastrointestinal symptoms
Gastrointestinal symptoms, often chronic, with diarrhea are often seen in CTX and in some patients with mitochondrial disorders, particularly mitochondrial neurogastrointestinal encephalopathy. Metachromatic Leukodystrophy (MLD) may be accompanied by severe, poorly understood feeding intolerance and gallbladder disease that may require cholecystectomy. Rare patients with AGS may have a condition mimicking inflammatory bowel disease. Many patients with LDs and gLEs have gastrointestinal reflux and chronic constipation which may cause significant morbidity.
Diagnostic recommendations
The clinical evaluation of patients with LDs and gLEs should take into account all available clinical information including age of onset, family history, neurologic symptoms and the presence of characteristic extra-neurologic features as described above. Tables 2 and 3 can be used as a template for an initial assessment of a patient suspected of having any of the canonical LDs. Similarly detailed Fig. 1 . Recommended molecular diagnostic workflow. Note emphasis on identification of treatable disorders to enable rapid changes in care as appropriate. For a complete description of this figure please see the main text. Abbreviations: P = pathogenic; LP = likely pathogenic. Fig. 2 . MRI pattern recognition in the LD and gLE (reprinted with permission from Genereviews). Three major MRI characteristics help to discriminate between the different types of LD and gLE. The first discriminator is the presence or absence of hypomyelination (Fig. 2a) . Within this subset, the presence of improvement of myelination or atrophy directs the clinician towards a series of gLEs. Within the true hypomyelinating LDs, the presence of basal ganglia and cerebellar involvement further helps refine the diagnosis. If the pattern is not one of hypomyelination, then the second discriminator is whether the white matter abnormalities are confluent or isolated and multifocal (Fig. 2b) . If the white matter abnormalities are confluent, then the third discriminator is the predominant localization of the abnormalities (Fig. 2b). phenotypic descriptions of the gLEs are beyond the scope of this manuscript. Any initial evaluation that indicates strong concordance of a patient's presentation with that of a LD or gLE should trigger the following three actions, as described in detail below, which can occur in series or in parallel: (1) immediate assessment of the likelihood of a genetic etiology and if the putative LD or gLEs is treatable, (2) a detailed neuroimaging series, (3) molecular genetic testing (summarized in brief in Fig. 1 ).
Neuroimaging
Brain MRI is the foundational investigation in a patient with a suspected LD or gLE (Fig. 1, box 1) [8-16 ]. The imaging findings should be interpreted in the context of the clinical and family history and the examination findings, but may often be diagnostic even before these elements are known. Following MRI interpretation, it may be possible to determine a differential diagnosis for a given white matter disorder using a "pattern recognition" approach ( Fig. 1) [1,8] . Correct interpretation of clinical and imaging findings will often allow the clinician to order tailored investigations rather than subjecting the patient to a battery of unnecessary and expensive testing. Sagittal T 1 , Axial T 1 , T 2 -weighted and fluid-attenuated inversion-recovery (FLAIR) sequences should be obtained at a minimum. Other sequences may also be required such as administration of contrast (for disorders with an inflammatory component such as cerebral X-ALD), susceptibility weighting (for disorders with calcifications such as AGS), MR spectroscopy (MRS)(for mitochondrial disorders or Canavan disease to investigate abnormalities in lactate or N-acetyl aspartate (NAA) respectively), and diffusion-weighting (useful in disorders such as AARS2-related leukoencephalopathy). MRI is superior to CT, although CT may still be helpful to detect calcifications, in particular if newer MRI techniques helpful for detecting calcifications were not performed. A spine MRI should be obtained on at least one occasion in all patients with an undiagnosed LD or gLE to assess for spinal cord involvement.
A single brain MRI, especially when it is performed in the first year of life, is not sufficient to distinguish between delayed myelination, hypomyelination and the early stages of a LD/gLE. Therefore, serial MRI scans are often required, usually with a minimum of 6-12 months interval between studies. Ideally, at least one scan should be obtained after the age of two years.
According to published MRI-based diagnosis algorithms [1, 8] , three major MRI characteristics help to discriminate between the different types of LD and gLE (Fig. 2) . The first discriminator is the presence or absence of hypomyelination (Fig. 2a) and in this regard assessment of the T 1 sequences are of particular importance, as T 1 shortening occurs before T 2 shortening as myelination progresses. Hypomyelination is defined as an unchanged pattern of deficient myelination on two MRI scans at least six months apart in a child older than one year [1, 8] .
Hypomyelinating disorders can be further divided into those with and without involvement of the cerebellum and basal ganglia, and with and without global atrophy. If the pattern is not one of hypomyelination, then the second discriminator is whether the white matter abnormalities are confluent or isolated and multifocal [1, 8] (Fig. 2b) . Multifocal changes often imply an acquired disorder such as infection or vasculopathy or a structural chromosomal disorder, whilst bilateral, symmetric confluent changes usually imply a gLE or LD. If the white matter abnormalities are confluent, then the third discriminator is the predominant localization of the abnormalities (Fig. 2b) . The most common patterns are frontal (e.g. Alexander disease(AxD)), parieto-occipital (e.g. X-ALD), periventricular (e.g. MLD), subcortical (e.g. Canavan disease), diffuse cerebral (e.g. VWM) or posterior fossa (e.g. peroxisomal disorders) predominant. Assessment of structures such as the cortex, basal ganglia, cerebellum, thalami and the descending white matter tracts is also important for further discrimination. Additional imaging features such as contrast enhancement, presence of calcifications, or macrocephaly can also help refine the diagnosis [1, 8] . Other MRI techniques, such as diffusion tensor imaging, spectroscopy and various multivariate analysis techniques of MRI data may be sensitive indicators of involvement of certain white matter tracts or myelination but principally remain research tools. It should be noted that even with high quality imaging, expert imaging interpretation and a complete battery of clinical investigations at least 30-40% of LDs and gLEs, and 50% of hypomyelinating, cases remain unresolved.
Special attention to disease etiology and amenability to treatment
Once an abnormal MRI is observed it is of primary importance to resolve etiology of the patient's white matter disorder (Fig. 1, box 2) . Acquired and genetic white matter disorders share many imaging and phenotypic features, and in some cases are easily confused (and therefore may require expert evaluation - Fig. 1, box 4) . Failure to correctly identify the source of the patient's disorder quickly can have negative consequences. For example, in the case of patients with acquired white matter disorders it can lead to unnecessary interventions and diagnostic testing, and may result in failure to identify treatable entities (Fig. 1, boxes 5 & 9) . For example, acute disseminated encephalomyelitis (ADEM) can be controlled with high doses of corticosteroids and white matter abnormalities that result from B12 deficiency can be reversed with vitamin supplementation.
In the assessment of a patient with a suspected LD or gLE, we recommend explicit and rapid evaluation for those disorders with established therapeutic interventions (Fig. 1, boxes 3-7 and Table 4 ). These include X-ALD, Krabbe disease, and MLD, which are all rapidly diagnosable biochemically, and some patients may benefit from bone marrow transplantation in the early stages of the disease {Helman, 2014 #97}. It also includes CTX which is arguably the most easily treatable LD and responds to both chenodeoxycholic acid and inhibitors of HMG-CoA reductase [17] . Although beyond the scope of the discussion here, we also note that a variety of gLEs with significant associated white matter involvement are also treatable and include the amino acidemias (e.g. Maple Syrup Urine Disease, Phenylketonuria), organic acidurias (Methylmalonic, isovaleric and propionic acidemias, etc.), NiemannPick type C, biotinidase deficiency, and Wilson's disease. To ensure that these disorders are not missed during work-up we strongly recommend a minimum testing battery in all suspected LD or gLE cases consistent with these disorders that assesses very long chain fatty acids, lysosomal enzymes (including galactocerebrosidase activity, arylsulfatase A activity, and cholestanol) and a re-evaluation of newborn screening test results as well as possible indications for other treatable conditions.
Biochemical and molecular genetic testing
Following MRI pattern analysis, the standard diagnostic approach to LDs and gLEs consists of serial biochemical and single gene testing. In some cases, particularly for LDs and gLEs with clearly defined MRI patterns, this is an effective and timely approach (Fig. 1, boxes 3,6,7,10) . Indeed, biochemical testing is essential for reliably diagnosing many of the clearly defined LDs and gLEs. Measurements of lysosomal enzymes for MLD, Krabbe disease, multiple sulfatase deficiency, and GM1/GM2 gangliosidosis are widely available. In some cases, enzymatic studies must be supported by biochemical measurements showing substrate accumulation. For example, determination of urinary sulfatides and glycosaminoglycans provides additional evidence for the diagnosis of metachromatic leukodystrophy or multiple sulfatase deficiency, respectively. Additionally, plasma very long-chain fatty acids measurement is a sensitive screening test for ALD, peroxisome biogenesis disorders and peroxisomal ß-oxidation defects. Urine organic acids analysis will detect biochemical abnormalities of L-2-hydroxyglutaric aciduria and Canavan disease, and may reveal Krebs cycle intermediates suggestive of mitochondrial diseases. Lastly, plasma cholestanol levels are typically elevated in CTX, which is one of the most easily treated LDs and gLEs (see above and Table 4 ). Single gene tests are also available for these disorders, and can provide additional or initial validation of the suspected diagnosis. When successful, these biochemical and genetic investigations can take as little as several weeks to complete.
For patients for whom there is no definitive MRI pattern, however, and therefore no definitive biochemical or single gene test, the diagnostic process may take nearly a decade [18] and will leave as many as half of individuals without a specific diagnosis [9] . High-throughput sequencing technologies, particularly gene panel-based approaches and whole exome sequencing, have now been used to identify the causal mutations underlying a wide variety of illnesses [19, 20] ; and recent proof-of-principle studies have indicated that partnering MRI pattern analysis and next-generation sequencing may lead to higher diagnostic yield and more timely diagnosis [21] .
For those patients who have an abnormal but ambiguous MRI, and whose condition is clearly genetic, we advise broad spectrum nextgeneration sequencing (NGS) genetic testing using either gene panels, whole exome sequencing (WES) (which queries the entire coding sequence of the human genome), or whole genome sequencing (WGS) (Fig. 1, box 8) . The number of genes associated with LDs and gLEs continues to increase (a detailed list can be found in Table 5) , and the phenotypic spectrum of disorders with secondary whitematter involvement continues to broaden, and it is therefore arguable that in many cases WES or WGS may therefore be the best near-term testing option.
Variants detected by NGS should be analyzed and categorized according to ACMG standards [22] . We recommend prioritizing known pathogenic (P) or likely pathogenic (LP) variants in disease genes that are known to have primary or secondary white matter involvement (e.g. gLEs), which can confirmed by an orthogonal approach (Fig. 1,  box 11 ). We note that genetic diagnosis requires mindful return of information to patients and their families with appropriate genetic counseling.
A proportion of patients will not achieve a specific diagnosis using NGS approaches. It is likely that these cases will represent instances in which the pathogenic variant resides in a gene that has not yet been causally associated with a human disease. In those circumstances we recommend that patients are given the option to participate in ongoing research programs, which aggregate patients with undiagnosed diseases with the aim of identifying new disease genes (Fig. 1, box 13) . These efforts have proven highly successful [23, 24] . We recommend the recruitment of the patients' mother and father to the study whenever possible, as sequencing of small family pedigree enables rapid identification of both compound heterozygous and de novo mutations. It should be taken into consideration that even with the ideal research conditions, causal variants are not always found, especially if the variant is located in a region of a gene that is not covered or not well covered, or if the type of variant is not easily detected by current technology (e.g. deletion, complex rearrangement).
Other diagnostic testing considerations
In cases where genetic testing results and other clinical investigations are ambiguous, we recommend consideration of additional supplementary investigations as detailed in Table 6 . A lumbar puncture for analysis of cerebrospinal fluid (CSF) can be useful for evaluating a small number of LDs and gLEs. For example, CSF protein elevation is a hallmark of active demyelination. CSF leukocytosis, elevated interferon-α and neopterin suggest AGS. CSF NAA is elevated in Canavan disease, but urine organic acids testing is an equally effective diagnostic tool. In many cases, characterization of the neurologic disease using electrophysiologic tests, such as brainstem auditory-evoked potentials, sensoryevoked potentials and visual-evoked potentials can be useful. Nerve conduction studies and electromyography can also be useful in identifying peripheral nerve involvement (e.g. in AMN, MLD, Krabbe) or myopathy with or without a neuropathy (e.g. in mitochondrial diseases) or metachromatic leukodystrophy.
Conclusions and future directions
Leukodystrophies (LD), while primarily affecting the CNS, have a varied range of presentations with symptoms beginning at any age. Genetic Leukoencephalopathies (gLE) with white matter involvement and additional systemic or gray matter features, further add complexity to the diagnosis of these patients. Recognition of a few sine qua non "red flag" symptoms allows the clinician to astutely consider the LDs and gLEs in the patient's differential diagnosis. Identifying other associated symptoms can help narrow the list of conditions one needs to test for. While MRI currently remains the mainstay of diagnosis in LDs and gLEs, in cases where the MRI pattern does not fit a specific entity, expanded genetic testing using NGS technologies is being used more commonly to confirm, or ab initio derive, the diagnosis. It is likely that future advances in genomic applications will demonstrate expanding utility to the early implementation of NGS testing, but this still requires trials to establish its clinical utility as a primary diagnostic strategy. With advancing research, specific therapies to treat patients in the earliest stages of their disease are now available for some disorders, with the future hope for therapeutic options in additional disorders. Thus, a renewed focus on rapid recognition and diagnosis of LDs is important to afford patients an opportunity for early treatment and care.
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